Control and transport of nanoscale objects in fluids is challenging because of the unfavorable scaling of most interaction mechanisms to small length scales. We design energy landscapes for nanoparticles by accurately shaping the geometry of a nanofluidic slit and exploiting the electrostatic interaction between like charged particles and walls. Directed transport is performed by combining asymmetric potentials with an oscillating electric field to achieve a rocking Brownian motor. Using 60 nm diameter gold spheres, we investigate the physics of the motors with high spatio-temporal resolution, enabling a parameter-free comparison with theory. We fabricated a sorting device that separates 60-and 100-nanometer particles in opposing directions within seconds. Modeling suggests that the device separates particles with a radial difference of 1 nanometer.
Control and transport of nanoscale objects in fluids is challenging because of the unfavorable scaling of most interaction mechanisms to small length scales. We design energy landscapes for nanoparticles by accurately shaping the geometry of a nanofluidic slit and exploiting the electrostatic interaction between like charged particles and walls. Directed transport is performed by combining asymmetric potentials with an oscillating electric field to achieve a rocking Brownian motor. Using 60 nm diameter gold spheres, we investigate the physics of the motors with high spatio-temporal resolution, enabling a parameter-free comparison with theory. We fabricated a sorting device that separates 60-and 100-nanometer particles in opposing directions within seconds. Modeling suggests that the device separates particles with a radial difference of 1 nanometer.
Lab-on-chip devices that can size-selectively transport and collect nanoscale particles are expected to find applications in materials and environmental science [e.g., size analysis, filtration, and monodisperse production (1, 2)] as well as in point-of-care diagnostics and biochemistry [e.g. molecular separation and pre-concentration (1, (3) (4) (5) ]. For example, directed transport may overcome fundamental limits in the detection of dilute species in fluidics (6) by actively transporting and accumulating them at the sensor area. Inspired by molecular motors in biology, Magnasco (7) and Prost et al. (8) proposed that such particle transport could be achieved with artificial Brownian motors (BMs) based on an asymmetric energy landscape and non-equilibrium fluctuations. Previous experiments (9) (10) (11) (12) (13) (14) focussed primarily on "flashing ratchet"-type BMs that exploit a periodically generated asymmetric trapping potential and isotropic diffusion to transport micrometer-scale particles. The required potentials were obtained using optical (9, 10) or dielectrophoretic (11) (12) (13) forces, which scale with the particle volume and therefore are not efficient at the nanoscale. Accordingly, direct charge-charge interactions were required to transport DNA molecules using intercalated electrodes (14) .
Such 'flashing' BMs were also explored for particle sorting by exploiting the dependence of diffusion on particle size. However, similar to the case of continuous-flow devices (4, 15) , it is expected that using external forcing instead of diffusion will result in greater separation precision. Rocking BMs (7, 12, 16 ) use a zero-mean external force and a static potential landscape to generate directed particle motion. Their transport exhibits a strong nonlinear dependence on particle diffusivity, which is promising for nanoparticle separation (17) . However, for nanoscale particles, creating a sufficiently strong static energy landscape remains a challenge.
Electrostatic trapping (18) addresses this challenge by confining like-charged particles between uniformly charged surfaces. A geometrical recess in one of the surfaces lowers the particle-surface interaction energy locally and thus defines a lateral trapping potential. Confinement energies of several multiples of k B T (where k B is the Boltzmann constant and T is absolute temperature) were achieved, resulting in the stable trapping of various types of charged nanoparticles, such as 10-100 nm diameter Au nanospheres (18) (19) (20) , Au nanorods (21) , 50 nm diameter vesicles (18) , and even 10-to 60-base DNA oligonucleotides and 10 kDa proteins (22) . External forcing by optical and electrical fields was also explored as a means of driving the particles from one stable minimum to another (23) .
We expand the concept of geometry-induced electrostatic trapping to create complex twodimensional (2D) energy landscapes for nanoparticles by replacing the simple recess geometries with lithographically patterned 3D topographies. The patterns were fabricated using thermal scanning probe lithography (t-SPL) (24), which has a depth accuracy in the nanometer range (25). We implement nanofluidic rocking BMs for our model particle system of 60-nm Au nanospheres. We created energy landscapes of up to ≈ 10 k B T in scale at a lateral resolution of less than 100 nm. Using high spatio-temporal resolution optical microscopy we determined all relevant physical system parameters in-situ, such as the ≈ 10 nm spatially resolved particle interaction potential and the millisecond-resolved particle motion. We find excellent agreement with theory and demonstrate a sorting device.
Gold nanoparticles in electrolyte were confined in a nanofluidic slit of controllable gap distance d (Fig. 1 A and fig. S1 ) (26) using the nanofluidic confinement apparatus described in (27). We used closed-loop t-SPL (25) to pattern the thermally sensitive polymer polyphthalaldehyde with a sawtooth profile along complex-shaped transport tracks having a depth of 30 to 50 nm and a period of L 550 nm (Fig. 1, B to D). The modulated gap height ( Fig. 1 A) in the slit results in a static lateral particle energy landscape, which confines the particles to the tracks ( Fig. 1 E) and provides the static asymmetric potential required for the rocking BM. A pillar (heigt 30 to 50 µm) etched into the cover glass provides close proximity, optical access, and space for electrodes. Top right: The top view (not to scale) depicts the electrodes (yellow, spaced by ≈ 1.2 mm) and the pillar in the center (width ≈ 100 µm). Two voltage signals U x,y (t), zero-mean-square-shaped with a phase shift of 90 o , are applied in x and y directions to the electrodes, thus creating a rotating electric field that drives the motor. Bottom: The ratchet topography in polyphthalaldehyde and the 60 nm gold nanoparticle, drawn to scale. The particle experiences a ratchet-shaped energy landscape due to the ion-cloud interactions (orange) between like-charged surfaces. The gap distance was d = 150 ± 1 nm. (B) Topography image of the patterned geometry. (C) Close-up of the small circular ratchet shape of (B). (D) Cross section of the track's sawtooth geometry measured along the white dashed line in (B). (E) Optical image of particles trapped in the ratchet. The color overlay indicates the average speed measured along the ratchet path in the counterclockwise direction at an applied rotating voltage of 3 V @ 30 Hz. Topography image of the patterned ratchets R1 to R4 and three control fields, C1 to C3. Arrows indicate the ratchets' direction. The observed particle positions are overlaid as a heat map. (B) Single-cell averaged cross sections (dashed lines) of the four ratchets including standard deviations (areas, 15 cells per ratchet) along the ratchet direction x r . (C) Average experimental 1D energy profiles V 0 (x r ) of the particles in the ratchet compared to a profile obtained from finite element modeling (FEM; dotted line). The blue line denotes the average interaction energy as estimated from the average occupation probability (inset, 24 profiles) using Boltzmann's principle. The shaded region marks the standard deviation. (D) V 0 (x r ) for nine gap distances of 127 nm < d < 148 nm (standard deviation of d, ≈ 1 nm). (E) Master curve obtained by linear scaling of the potentials by a factor of α. The inset depicts the exponential dependence of α on d.
To elucidate the effect of the topography on the particle's interaction energy and to demonstrate the operation of the BMs we resorted to simple linear ratchets (Fig. 2 A) . We define the direction of the BMs as the direction of the shallow slope profile (Fig. 2 B) , indicated by the arrows in Fig. 2 A. In addition three control fields C1, C2, and C3 were written with a depth of the maximum, mean, and minimum depth of the ratchets, respectively. The control fields are used for in situ measurement of the mean particle diffusivity and the mean particle speed in the non-driven and driven case, respectively.
We recorded the position of the particles with an effective particle illumination time of ≈ 40µs and a frame rate of 1000 fps (27) using interferometric scattering detection microscopy (27, 28) (movie S1). The overlaid heat map (2D histogram) in Fig. 2 A indicates the density of all recorded particle positions. Owing to the brief illumination time, the particle positions obtained from each frame can be used directly to obtain particle occupation histograms (26), ( fig. S2 ). We collapsed the observed 2D particle positions onto the x-axis and calculated an average 1D histogram for a single ratchet cell by cross-correlation averaging. The normalized histograms of the single cells are shown in the inset of Fig. 2C . Identifying the histograms with the average 1D occupation probabilities p(x), we calculate the effective 1D interaction energy V 0 (x) of the particles using Boltzmann's principle (Fig. 2 C) .
In the nanofluidic confinement apparatus the gap distance is controlled and measured (27) with nanometer accuracy, which provides a convenient handle to tune the energy scale. Figure  2 D shows nine recorded energy profiles for 127 nm < d < 148 nm. Within this range the curves are self-similar and collapse on a master curve obtained by linear scaling (Fig. 2E) . The scaling coefficient α decreases exponentially α ∝ exp(−d/2 l), where l = 18 ± 3 nm. Finite element modeling simulations (26) (figs. S3 and S4) yield similar potential shapes (Fig. 2 C) and indicate that l is slightly greater than the Debye length κ −1 ≈ 12 nm (26) (table S1). The patterned nanofluidic slit thus defines an asymmetric static potential landscape for the particles -one of the two required ingredients for a rocking Brownian motor. The other necessary ingredient is non-equilibrium fluctuations, which we created by applying a 10-Hz electric square-wave potential to gold electrodes ( Fig.1 A and fig. S1 ). The electric field induces both an electrophoretic force on the nanoparticles and an electro-osmotic plug flow of the electrolyte, acting on the particles in opposite directions. Our experiments showed that electro-osmotic effects dominate because the particles are dragged toward the negative electrode. Fig. 3 A depicts the particle drift velocities measured at time intervals of 1 ms, d = 127 nm, and U = 3.5 V @ 10 Hz, resolving each half cycle of the electric field.
We use the average drift velocity ( fig. S5 ) in the control fields, v c , to quantify the total force as a function of the gap distance (Fig. 3 B) . Combining Einstein's relation D 0 = k B T /6πηa and Stoke's equation for particle drag F = 6πηa v c (where η is dynamic viscosity a is particle radius) yields In each half cycle of the electric field, the force is approximately constant, which corresponds to a linear potential being added to the static potential V 0 : V (x) = V 0 (x) ± xF . Fig.  3 C shows the tilted potentials for the most and least-confined experiments (d = 127 nm and d = 147 nm) and the maximally applied voltages of 5 and 3 V, respectively. In the forward direction, all energy barriers disappear and the particles begin to drift. In the backward direction, however, finite energy barriers ∆V B remain, thus hindering drift. Oscillating the force leads to a "rocking" of the asymmetric particle potential, resulting in directed transport due to the rectification of particle drift.
According to Reimann et al., the average drift velocity can be computed for the tilted potentials shown in Fig. 3C using the first passage time model (29):
(1)
All relevant, non-trivial quantities V 0 (x), D 0 , and F in this theoretical description were measured in-situ, and a parameter-free comparison with theory is possible. Equation 1 was evaluated numerically and the total drift was calculated as one-half of the drift difference in forward and backward directions (lines in Fig. 3 D and E) . The theoretical description assumes slow rocking; that is, the actuation time of each half-cycle is long relative to the particle-drift time across a single ratchet element. Our experiments show excellent agreement with the model at 10 Hz ( fig. S6 ). Moreover, we found a frequency dependence of the ratchet performance (Fig.  3F ). Best performance is observed when the actuation time at 30 to 50 Hz is about twice the particle-drift time L/ v ≈ 6 ms in the forward direction (movies S4 to S6).
For the curved paths shown in Fig. 1C , a rotating electric field was applied to achieve efficient operation ( fig. S7 and movie S7). The electric field direction can also be used to selectively power ratchets written in orthogonal directions, for example to shuttle particles between several reservoirs ( fig. S8 and movie S8) .
Finally, we exploit the strong nonlinear gap-distance dependence of the energy landscape to separate 60-and 100-nm particles into opposite compartments, LC and RC, of a sorting device ( Fig. 4A and B) . The middle area between the compartments contains three deep (local d = 185 − 210 nm) and narrow (width ≈ 140 nm) ratchets pointing to the left and embedded in a wide (8 µm) and shallow (local d = 160 − 190 nm) ratchet pointing to the right. Our experiments show that at a gap distance of d = 150 nm, the big particles are well confined to the deep ratchets (movie S9). Although the small particles experience an energy barrier of ∆V 0 ≥ 1.3 k B T (Fig. 4C and fig. S9 ) to move from the deep ratchet into the shallow ratchet, its wide area (4µm × 2 µm vs. 3 nm × 140 nm) leads to a measured occupation probability of 76% in the shallow ratchet. Combined with the measured ratchet potential of ≈ 4.5 k B T (red line in Fig. 4C ), this leads to a transport of 60-nm particles toward RC.
The optical images in Fig. 4D demonstrate the efficient sorting of the particle populations in opposite directions. Initially, the particles are distributed randomly across the ratchet field. Applying a square-wave voltage of 4 V @ 30 Hz, we found that the populations were fully separated into the respective compartments after 2 s, except for a single 100 nm particle stuck in the shallow ratchet. After 6.3 s, this particle diffused into the deep channel and was transported into the LC. Figure 4E depicts the median brightness of measured particle trajectories in the left and right halves of the field. The histograms at the right in Fig. 4E indicate that next to the majority particle types of 60-nm (red) and 100-nm (blue) spheres, there is a small population of a third particle type (light blue) in the sample. Inspection by scanning electron microscopy (SEM) revealed that, apart from the spheres, the 100-nm dispersion contained a small fraction of "platelets", which we assign to the intermediate particle type (26) (figs. S10 and S11). Using the median trajectory contrast for differentiation, we measured a particle potential for this population of ≈ 6 k B T in the deep ratchet (Fig. 4A ). Note that although the brightness histograms of 60-nm spheres and 100-nm platelets almost overlap, all platelets were actively driven toward LC (movie S9).
The operation and separation potential of the device can be understood using a simple electrostatic model (26, 30) to calculate the particle energy (dashed lines in Fig. 4C ), assuming a linear scaling of the applied force with particle radius, and using equation 1 to calculate the particle speed as a function of radius (26). The model yields an average drift speed, which is compared to the measured speeds in Fig. 4F . With increasing particle size the deep ratchets produce an increasingly dominating bias of a negative drift speed. This is due to a stronger confinement to the deep ratchets and an increasing ratchet potential experienced by the particles in the deep ratchets (from ≈ 2 k B T for the 60-nm particles to ≈ 10 k B T for the 100-nm particles, Fig. 4C ). This leads to a zero crossing of the net drift at a particle diameter of ≈ 82 nm (r = 41 nm). The strong nonlinear character of the curve originates from the intrinsically nonlinear BM transport and the exponentially increasing interaction energy, resulting in a slope of −7 µm s −1 nm −1 at the zero crossing. Thus, two particle species with a radial difference of 1 nm would drift with > 3 µm s −1 in opposite directions, which is sufficient to overcome the diffusion current that drives the particles back into the device (26) (figs. S12 and S13). . (E) Spatial particle distribution (left) and histograms (right) of the median relative brightness of the particle trajectories measured before and after sorting. We observe a third particle population (light blue), which we attribute to platelets according to their relative abundance. Insets: SEM images of the corresponding particles (scale bars, 100 nm). (F) Modeled average particle drift v as a function of particle radius r. The data points indicate the measured speed (mean ± SD) of 15 particles. The radial error corresponds to the measured SD (60 nm: 8%; 100 nm: 5%) of the particle size determined by SEM. (26) Our results show that confining nanoparticles in electrolyte between a flat and a topographically patterned surface creates an energy landscape defined by the topography. By tuning the gap distance, the potential landscape to first order is simply scaled in magnitude, providing a convenient handle to optimize the system. All relevant physical quantities necessary to model the system are accessible in situ. Agreement between theory and experiment proves the validity of the interpretation and the predictability of the system. The nonlinear character of rocked BM transport (17) and of the electrostatic interaction leads to efficient separation (26) by our device, similar to the case of other concepts based on geometrical constrictions (3, 31) .
Moreover, our modeling (26) and the trapping results of Ruggeri et al. (22) indicate that the method should scale to relatively small biomolecules. In contrast to flow-based separation (15) , the rocked Brownian motor implementation provides selective transport, precise separation, and accumulation of nanoparticles without a net flow of the electrolyte or sustained thermodynamic gradients. Combined with the small footprint and the low applied voltage, such devices are ideally suited for the precise analysis of small liquid volumes in lab-on-chip technology. 
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Nanoparticles
We used citrate-stabilized 60 nm and 100 nm Au nanospheres from BBI Solutions for our experiments. According to the manufacturer, the 60 nm particles have a particle concentration of 2.6 × 10 12 cm -3 and the 100 nm particles a concentration of 5.6 × 10 9 cm -3 . Their coefficient of variation for the nanoparticle diameter was inferred from scanning electron microscopy (SEM) pictures. It was 8 % for the 60 nm particles and 5 % for the 100 nm spherical particles. The 100 nm particle dispersion also contained a ≈ 20 % fraction of platelets, see Fig. S10 . To achieve an optimal number of particles in our experiments, we diluted the 60 nm dispersion with ultrapure water (Millipore, 18 MΩcm) and concentrated the 100 nm dispersion with a centrifuge immediately prior to the experiments. A summary of all dispersions that were used for our experiments can be found in Table S1 .
To further characterize the nanoparticle dispersion, we measured its pH, which was 6.8 ± 0.2. For the 60 nm diameter particles and for a 1:150 diluted dispersion, we determined a zeta potential of ζ = − 58 mV, a specific conductivity of Λ = 11.5 µScm -1 , and a hydrodynamic diameter of 2 a = 62.1 nm using a Malvern Zetasizer. As expected for strong electrolytes, such as sodium citrate or sodium chloride, which are both present from the synthesis (25), we observed a linear dependence of the conductivity on the degree of dilution.
To estimate a Debye length from conductivity measurements of the dispersions, we assume that the citrate molecules are predominantly attached to the particles and the Debye length is governed by the cation concentration obtained from the conductivity measurement. The Debye length of all dispersions can be found in Table S1 .
Sample preparation
For patterning, we used the thermally-sensitive resist polyphthalaldehyde (PPA). The material was synthesized by J. Hedrick and co-workers at IBM Research -Almaden in San Jose, CA, USA as described in (33).
Highly doped silicon wafers were used as substrates for PPA. To increase the adhesion of PPA in liquid environments, the wafers were first coated with a layer of HM8006 (JSR Inc.). The pre-formulated HM8006 solution was spin-coated at 3000 rpm and subsequently cured at 225 o C on a hotplate for 90 s for cross-linking. Then, the thickness of the HM8006 layer was determined by scratching the film with a scalpel and measuring the scratch profile by atomic force microscopy (AFM). From the profile, a thickness of approximately 52 nm was inferred. Next, PPA from a 6.5 weight percent solution in anisole was spin-coated on the sample. The coating process was adjusted such that a PPA layer thickness of 150 -170 nm was achieved. After spin-coating, the wafer was baked at 90 o C for 2 min to remove any residual solvent. Note that the correct layer thickness is crucial for optimal particle contrast. The thicknesses of all samples used in our experiments can be found in Table S1 .
Ratchet topography patterning
Two homemade setups were used for thermal scanning probe lithography (t-SPL) of the PPA films, see e.g. (24). The t-SPL tools comprise piezo scanners for fine-positioning of the tip with respect to the sample (Nano-MET2 (x,y) & Nano-OP30 (z), Mad City Labs Inc., USA, or P-733-2D (x,y) & P-753 (z), Physical Instruments). Only tips with a radius of > 5 nm were used for 3D patterning because they enable high thermal transport and minimal pickup of material. The tips were heated to ≈ 900 °C for patterning and pulled into contact from a height of ≈ 50 nm using a capacitive force pulse of 5 µs duration between the sample and the cantilever. During this time, the hot tip creates a well-defined void with a depth controlled by the applied voltage. The writing parameters were optimized during the raster scan of the programmed pattern by using the read-back information obtained in the retrace direction of the scan (24). This so-called closed-loop lithography enables uniform writing depths of ≈ 1 nm accuracy across the entire write field.
Nanofluidic confinement apparatus
The nanofluidic confinement apparatus (NCA) is described in detail in (25) and shown schematically in Fig. S1A . In brief, we use piezo-elements to position the silicon sample and the cover slip with nanometer precision. Picomotors allow us to parallelize the two surfaces with a precision of better than 1 nm across a lateral distance of 10 µm. The two surfaces can be approached with nanometer accuracy until single nanoparticles get into contact with both surfaces. For our experiments, a 20 -30 µl droplet of nanoparticle dispersion is first placed onto the patterned PPA, and then the sample is inserted below the glass cover slip. The amount of liquid and the sample size of ≈ 1x1 cm 2 ensure that the droplet overflows the sample, which leads to a reduced curvature of the droplet (see dmen in Fig. S1A ). This reduces the capillary pressure in the slit, increasing the stability of the system. Water droplets are placed around the sample to locally increase the humidity and thus to minimize evaporation of the nanoparticle dispersion. As a result, we could perform experiments over more than 4 h without a noticeable change of the system parameters.
For good optical access to the region of interest and for an obstacle-free approach of both surfaces, the cover glass has a 40 -45 µm high mesa at its center. To fabricate the mesa, a flat piece of glass (D263T borosilicate, UQG) was first cleaned in piranha solution for 5 min. Then, a protective layer of 30 nm Cr and 300 nm Au was sputtered on top. The layer was removed everywhere outside the intended mesa area by photo-lithography and wet etching (TechniEtch ACI2, MicroChemicals and TechniStrip Cr01, MicroChemicals). Subsequently, the glass was etched for 75 s by concentrated hydrofluoric acid (49% HF), resulting in a 40 -45 µm high mesa. The residual metal layers were removed from the mesa using the same wet chemistry as before. Finally, the electrodes were added by vapor deposition of a 5 nm Cr adhesion layer and a 50 nm Au layer through a shadow-mask. The mask was made from a 200 µm steel plate by laser cutting (Lasercut AG).
Prior to use, the mesa was thoroughly cleaned using a peel-off polymer (Red First Contact, Photonic Cleaning Technologies) and either an oxygen or a hydrogen plasma at 200 W (GigaEtch 100-E, PVA TePla GmbH), and then rinsing it in deionized water. The process resulted in smooth and clean hydrophilic surfaces, as verified by AFM measurements and contact angle measurements, respectively.
Particle imaging and tracking
Imaging of particles was performed by interferometric scattering detection, (25, 27), which provides an excellent signal-to-noise ratio for the detection of small particles. The details are described in (25). In brief, a collimated continuous-wave laser (50 mW, 532.1 ± 0.3 nm, Samba, Cobolt) with a beam diameter of ≈ 0.7 mm was used as light source. The laser beam was focused onto the sample by a 100x, 1.4 NA oil-immersion objective (Alpha Plan-Apochromat, Zeiss), resulting in a focal spot of ≈ 2 µm diameter. The focal spot was raster-scanned across the sample by a two-axis acousto-optic deflector (DTSXY, AA Opto-Electronic). The reflected light was collected by the same objective and guided onto a high-frame-rate camera (MV-D1024-160-CL-12, Photon Focus) using an 80:20 beam splitter.
To minimize the illumination time of the particles, the laser is typically raster-scanned only once along the y-axis for each frame. From the 1 µm spot size of the laser and the 500 nm spacing and 10 µs duration of the scanned laser lines along the x-axis, the time a particle interacts with the laser light is estimated to be about 40 µs. In this time interval, the particles move less than 10 nm at the highest observed drift speeds of 200 µs/s and diffuse on the order of 40 nm for a measured diffusivity of 4.6 µm 2 s -1 . As both distances are small compared with the focal spot, we conclude that the image of the particle taken by the camera represents its position averaged over 40 µs.
Note that too long an illumination time of the camera can lead to incorrect results. However, as explained below, an illumination time of 40 µs does not lead to significant errors. To determine the lateral position of a particle, we calculated its radial symmetry center, which yields similar accuracies as Gaussian fitting (25). In our experiments, we typically observed a signal to noise ratio of ≈ 50:1, leading to a localization accuracy of better than 1.5 nm. The particle trajectories were reconstructed by linking the lateral particle positions of the individual frames (25).
Calculation of average drift velocities
To obtain average values of the drift velocities <v> in the electric field direction, we calculated the mean particle displacement Δxi for time intervals Δt ranging from 1 ms to the half period τ/2 of the electric field,
where <...> signifies the ensemble average and N is the number of Δt values per half cycle τ/2: N = τ / (2 Δt). The value for <v> was then obtained by a linear fit of the data, see Fig. S5 . The total drift velocities were obtained in the same manner, but for a time period of the full cycle time τ of the electric field.
FEM modelling: Physical model of the nanofluidic slit Assuming thermal contact with a reservoir, the probability of observing a particle at a certain position xp is readily shown to be proportional to the corresponding free energy = − , with U being the internal energy and S the entropy. As the electrolyte concentration was less than 1 mM in our experiments, we only consider dilute solutions in the following. For such dilute solutions, a mean-field approach yields good agreement with more computationally intensive treatments based on Monte-Carlo methods and density functional theory. In the mean-field approximation, the most likely distribution of ions in an electrolyte satisfies the Poisson-Boltzmann equation. For a 1:1 electrolyte with a volume average concentration of each ion species of n0 this is (34):
where ϕ is the electrostatic potential, ε0 is the permittivity of the vacuum, and εr is the relative permittivity of the electrolyte. If all charge in the domain that is not part of the electrolyte is assumed to be fixed, then the free energy for the system may be calculated from functionals on ϕ for the entropy of the electrolyte and the electrostatic energy of the charge configuration (35):
The model (see Fig. S3 ) was solved in three dimensions. The geometry and governing equation were symmetric with respect to the plane y = 0 so that only half of the domain was explicitly modelled. The symmetry boundary condition
• ⃗ = 0 was applied to the surface y = 0. Two periods of the ratchet were modelled, and a periodic boundary condition was applied to the pair of bounding faces of constant x. The boundary condition
• ⃗ = 0 was applied to the remaining surfaces. This enforced charge neutrality (∫ = 0) within the computational domain.
FEM modelling: Physical parameters used for modelling the nanoslit
The mean-field approach coupled with the assumption of constant charge means that all materials in the system are characterized by a relative permittivity, a surface charge, and, in the case of the electrolyte, its concentration n0. The assumption of constant charge should be quite accurate. The thermal energy available to the particle (1 kBT) prevents it from approaching the ratchet surfaces too closely. For surface separations exceeding one Debye length, the effects of charge regulation can safely be neglected (29).
For the 60 nm-diameter gold particle, we determined the surface charge arising from the bound citrate anions using a measurement of the zeta potential of -58 mV (25). This measurement of the diffuse layer potential was converted into a surface charge density by iteratively solving the Poisson-Boltzmann equation in spherical coordinates until a surface charge was found that yielded the desired surface potential. The conducting nature of the gold sphere means that the electrostatic potential will be uniform over its volume. This was represented computationally by specifying a large relative permittivity. A value of 1000 was used in the calculation.
The dilute electrolyte was taken to have the relative permittivity of water at 21 o C (36). The electrolyte was composed of the strong 1:1 electrolyte sodium chloride and the strong 1:3 electrolyte sodium citrate. The relative concentrations of the components are difficult to establish experimentally. As we deal exclusively with negatively charged surfaces, which result in the accumulation of the monovalent Na + ions (and H + ), we neglect the fact that some of the co-ions have a valence of 3 rather than 1. We selected a concentration n0 of the monovalent ions of 0.3 mM which corresponded to a Debye length κ -1 of 17.5 nm ( −1 = √ 0 /2 0 ). This Debye length was found numerically to yield the dependence of effective potential amplitude on gap height observed in the experiment. The upper bounding surface of the ratchet was composed of silica, which has a relative permittivity of 3.9. To determine the surface charge for the silica surface, we used the model outlined in (34). The pH of the electrolyte was measured to be 6.8 in the experiment. For a Debye length of 17.5 nm (n0 = 0.3 mM), the self-consistent solution of the constitutive equation and the Grahame equation (equations 7 and 8 of (34)) yields a diffuse layer potential of -90 mV or equivalently a surface charge density of -5.9 mC/m 2 . There is a contribution to the system's free energy (via Us) from the interior of the silica, which was included in our calculations. However, we did not include the small correction to the interior electric field obtained when accounting for the Stern capacitance of the silica surface.
The lower bounding surface of the ratchet was the polymer PPA. In the absence of specific data, we used a relative permittivity appropriate to polymers (PMMA) of 3.6. We did not find a value for the surface charge in the literature for PPA films immersed in water. We observed experimentally that particles are repelled by several nanometers from the mid-gap position towards the silica interface (25). Thus, we believe that the surface charge of the PPA film exceeds that of the silica film. However, in the absence of specific data, we simply selected the same surface charge (-5.9 mC/m 2 ) for the PPA surface as that of the silica film. This should yield an underestimate of the ratchet potential. Note that the effective potential depends as (37) eff / = 4 tanh( /4 ) on the diffuse layer potential. As such, for a flat surface eff saturates at ≈ 100 mV. Hence our final result will not be too sensitive to the exact surface potential in this high potential regime. The geometry of the PPA was measured by AFM. It was approximated by the sawtooth profile shown in Fig. S3 .
FEM modelling: Implementation
We performed all computations on a desktop computer using finite-element software. The calculation was performed using the Fenics (fenicsproject.org) software package. Meshes were prepared using Gmsh (gmsh.info), and solutions were inspected using Paraview (www.paraview.org).
The depth of the domain was taken to be the diameter of the particle plus 6 κ -1 so that the particle's surface charge was effectively screened from this boundary. Second-order Lagrange elements were used with an element size of 0.3 κ -1 for all points that were within 1.5 κ -1 of a charged surface. The mesh was allowed to grow to 1.5 κ -1 at points far from the charged surfaces (see Fig. S4A) . A mesh-resolution study was performed to validate that this mesh density yielded an error in the relative calculated value of ΔF of less than 0.1 kBT. The surface charge was represented using a weak contribution from the relevant interior facets. This approach is in contrast to applying a boundary condition on the fluid domain, which is only valid in situations where symmetry alone ensures that the external space is field-free.
FEM modelling: Results
Fig . S4 shows the results of the numerical simulation. From the solution depicted in Fig. S4A , the free energy F for a particular particle position (x, z) can be evaluated. Repeating this calculation over a grid of particle positions within the gap yields the freeenergy landscape of the system. This is shown in Fig. S4B . For the ratchet system, only the value of the x coordinate is of interest. The probability P(x) that the particle occupies a given position x can be evaluated by integrating over the probability distribution arising from the free energy shown in Fig. S4B with respect to z. The result of this integral is shown in Fig. S4C . This relationship can be viewed as an effective potential V0(x) for the onedimensional system and can be defined as 0 ( ) = − log ( ). The result of this calculation is shown in Fig. S4D. Fig. S4E shows how these effective potentials can be scaled to obtain a single master curve. The dependence of the scaling factor on the gap height is shown in Fig. S4E . It is well fitted over this range of gap heights by the ansatz suggested by the linear superposition approximation: exp(− /2 ). Our fitted value of l of 18 nm is in close agreement with the Debye length of 17.5 nm used in the simulation and the one estimated in the experiments (≈ 12 nm, Table S1 ).
Characterization of the energy landscape in the sorting experiment
To obtain the energy landscape of the sorting device, the width and center positions of the deep ratchets were first determined in the camera coordinate system. Next, a histogram of the y-coordinates of all recorded particles inside the ratchets was made. It is energetically favorable for the particles to reside in the trenches leading to clearly visible maxima in the histogram at the position of the trenches, see Fig. S9A . The maxima were fitted by Gaussians from which both the center and the width (FWHM) of the respective deep ratchets were inferred. With this knowledge, it was possible to consider particles inside and outside the trenches separately. In Fig. S9B , histograms of the median relative brightness of particles inside and outside the trenches with trajectories extending over at least 20 frames are shown. For both cases, three different particle populations can be distinguished (indicated by the dashed lines). From SEM pictures, see Fig. S10 , we knew that there were three different types of particles in our dispersion: spheres with 60 nm and 100 nm diameter and a small fraction of platelets with 100 nm diameter. Accordingly, we associated the brightest and most abundant particles with the 60 nm spheres, the medium bright and least abundant particles with the platelets, and the darkest particles with the 100 nm spheres. To confirm the validity of this assignment, we considered a dispersion containing only 100 nm nanoparticles in the NCA. We reduced the gap distance in the nanofluidic slit until the particles were hardly moving, and recorded the optical contrast in a movie. Next, we reduced the gap distance further until all particles that were under the pillar were pushed into the polymer and, by that, were immobilized. After a rinsing and drying step, we imaged the immobilized particles by SEM, see Fig. S11 . The SEM pictures revealed that all particles have approximately the same size, but have different outlines. By comparing the two results, we could conclude that there is a strong correlation between the outline of the 100 nm particles and the observed relative brightness, see Fig. S11 .
To determine the potentials experienced by the respective particles, we made histograms of the x-coordinates of their positions, see Fig. S9C . As in the main part of the paper, we considered average histograms using cross-correlation. For the 60 nm spheres, we made two histograms, one for the deep and one for the shallow ratchets. As the 100 nm particles practically do not jump between the deep and the shallow ratchets owing to a large energy barrier, we only made histograms for the trenches for these particles. From the histograms, the potential could simply be calculated using Boltzmann's theorem. Using the width of the deep ratchets, , and of the shallow ratchets, , the potential difference ∆ for the 60 nm particles as shown in Fig. 4A was determined. Therefore, the ratio between the probability to find a 60 nm particle in the trench, , and that to find it outside, , had to be determined for some bin in the lowermost subfigure of Fig. S9C . From theses probabilities, the potential difference ∆ at the position of the bin can be calculated as
).
The potential difference ∆ is then given by the difference between the two minima of the potentials experienced by the 60 nm particles inside and outside the trenches.
Modelling of the sorting device
To assess the performance of the sorting device, we first establish an approximate model for the interaction energy seen by the particles in both ratchets. For the model we consider the electrostatic interaction between a sphere and a plane and use this energy to approximate the energy barriers involved in the ratchet geometry. The approximation is justified since the lateral extend of the shallow slope profile of ≈ 400 nm is much larger than the particle to ratchet distance (< 80 nm). In order to obtain the final potential profile we use the experimentally determined potential (see Fig. 2E ) and scale it corresponding to the calculated energy barriers.
For our experiments, the electrostatic interaction of a sphere with a plane is well described by the linearized Poisson-Boltzmann equation with constant potential on the surfaces. The interaction energy is then given by (25, 29)
where z is the distance of the particle surface to the plane and κ -1 is the Debye length. 0 is given by
where ψP,eff and ψS,eff are the effective surface potentials of the plane and the sphere, respectively. We further assume that the surface potential of both confining walls (PPA (1) and glass (2)) of the nanofluidic slit is similar ( 0 = 1 = 2 , see also section FEM modelling: Physical parameters used for modelling the nanoslit) and the particle therefore resides on average in the middle of the gap. Note, that in the linear approximation a difference in the potential is equivalent to a small shift of the plane's position.
Similar to the FEM based model, we determine the probability P(x) to the find the particle at position x by integrating the 2D probability density p(x,z) along the z coordinate:
where C is a normalization constant and d(x) the gap distance at x. The potential barrier ∆ caused by a ratchet tooth of height h can then be approximated by equation S8 as:
Using equation S9, the experimentally determined gap distance and the measured geometry of the ratchets (depth of the shallow ratchet 40 nm with tooth height 30 nm, and depth of the deep ratchet 60 nm with tooth height 25 nm), we find good agreement with the experimentally measured potentials for κ -1 = 16 nm and 0 = 2.6 kBT /nm. These values correspond to ratchet energies of 2 and 4.5 kBT for the 60 nm particles in the deep and the shallow ratchet, 10 kBT of the 100 nm particles in the deep ratchets, and potential barriers of 1.5 kBT and 7 kBT for the 60 nm and 100 nm particles to enter the shallow ratchet. The good agreement of these values with the experimentally measured values (see Fig. 4A ) justifies the use of this simple model to assess the performance of the sorting device.
Moreover, we assume that the force is directly proportional and the diffusivity indirectly proportional to the particle radius r, respectively. In reality the dependence of the force F on the particle radius will be more complex, however, only the dimensionless force ̃= /∆ for a particular period L and potential barrier ΔV matters for the device. This dimensionless force can be easily adapted by changing the period L of the ratchet. Using the scaled ratchet potentials, equation 1 from the main manuscript, and the measured force at 4 V driving potential in the linear ratchets (Fig. 3B) , we calculate the average drift speed of a particle of radius r in the sorting device in dependence of the gap distance d and the relative width of the trenches wr,t (see previous section), see Fig. S9A . The plot clearly depicts the highly non-linear behavior of the sorting device. For the device geometry used in the experiments (wr,t = 5.0 %), the direction of the drift reverses at a critical radius rc ≈ 41 nm. This means that particles smaller than 41 nm radius are driven to the positive x direction and particles above 41 nm radius in the opposite direction. Optimal drift speeds would be expected at 35 and 50 nm radius, close to the experimentally used particle radii. Clearly, the steep slope of ≈ -7 µm/s/nm at the zero crossing indicates the extraordinary sorting potential of the device.
Assessment of the sorting performance
The main benefit of sorting different particle populations into opposite directions is that the two populations are driven against opposite boundaries of the device. Therefore, the center of the device always marks the separation line of the two populations and the device footprint can be kept at a minimum. While the ratchet transports the particles by a distance proportional to time, diffusion scales with square root of time. Thus, as long as the device is sufficiently long and the drift speed is finite, at some point a steady state is reached with completely separated particle populations.
In the steady state, the diffusive particle current at each boundary xb back into the device area, − ( ), cancels the current of particles drifting into the reservoirs, ( ) . Thus,
where ( ) is the particle density at position x and v the average drift speed of particles. As can be shown by direct calculation, the particle density decays exponentially towards the middle of the sorting device For sorting two particle populations with a certain difference in size, the length of the sorting device must be large against the characteristic length λ for each population. Fig. S13A depicts λ for two particle populations with sizes of rc -0.5 nm and rc + 0.5 nm as a function of the critical radius rc and the relative width of the deep ratchets. The critical radius rc is conveniently adjusted by an adaptation of the gap distance, as depicted in Fig.  S13B .
Moreover, the rocking motion and the finite time of the particles spend in either ratchet will add to the diffusive boundary of the separated particle populations. Given the predicted energy barrier of < 4 kBT for the particles with radii close to rc to transit into the shallow ratchet, we estimate the size of both effects to be on the order of 1 -5 µm in the worst case.
As a result, we conclude that a perfectly fabricated 10 µm long device is capable to fully separate particle populations at 40.5 nm and 41.5 nm radius. Naturally, for much smaller particles and/or for a smaller radial difference, the characteristic length λ increases accordingly. Nevertheless, merely increasing the device dimensions to compensate for the increase in λ is expected to guarantee perfect sorting. Moreover, we found that the increase in λ at smaller dimensions is mainly due to a reduced dimensionless force ̃, which can be restored by simply increasing the period L of the ratchets as described above.
Clearly, for a real device, one has to consider the fabrication tolerances for the performance of the device. If the gap distance changes locally by Δd, the zero crossing of the particle current shifts according to the relation shown in Fig. S13B . For t-SPL a fabrication precision of 1 nm has been demonstrated (24), which shifts the critical radius by ≈ 0.5 nm. Since the modelled device was by far not optimized in terms of geometry and applied force, we estimate that for an optimized device the fabrication precision will be the limiting factor, currently restricting the separation precision to approximately 1 nm radial difference.
Supplementary Text
Effect of particle-motion averaging caused by finite illumination time.
Averaging over the particle motion distorts the probability density from which the energy landscape is calculated. To quantify this effect, we modeled the motion of a Brownian particle in a sawtooth potential (left column of Fig. S2A ) and in the experimentally determined potential (right column of Fig. S2A ) and simulated different illumination times. By considering two slightly different potentials, we were able to ascertain that our results do not depend on the exact details of the shape of the potential. Following the experimental observations presented in the main part, the depth of the potentials was set to 5 , where kB is Boltzmann's constant and T the temperature. Similarly, the periodicity was set to 550 nm, and the diffusion constant was chosen as = 4.3 μmwere reconstructed and their minimum values were set to 0
. As Fig. S2B shows, the difference between the initial and the reconstructed potentials is negligible for an illumination time of 4 µs. The observed systematic error for 40 µs is on the order of 0.1 , which corresponds to 2%. In comparison with the other experimental errors, this is still acceptable. If, however, the illumination time is increased to 400 µs, the errors are on the order of 0.5 -0.75 , which corresponds to 10 % -15 %. Therefore, the systematic error that is caused by an illumination time of 40 µs does not impose any limitation on the validity of the experimental results observed. However, the illumination time should not be increased.
Monte-Carlo Simulation implementation
A too long illumination time of the camera leads to a distortion of the experimental probability densities and hence to false values of the reconstructed potential. The size of this effect was quantified using simulated trajectories. Let us consider the equation of motion of a Brownian particle as given by the Langevin equation (38):
where x is the position of the particle, m its mass, γ the mobility, V(x) the external potential, and ξ(t) the thermal noise at time t. For particles of extremely small size in liquid environments, as in our case, the particle dynamics is normally well described by ignoring the inertia term (Smoluchowski approximation), which leads to
The thermal fluctuations are modelled as Gaussian noise with vanishing mean obeying the fluctuation-dissipation relation:
To obtain a trajectory from equation S14, a random initial position x0 in the interval [0, L] was chosen, and the Euler-Mayurama method for solving stochastic differential equations was used to determine the time-resolved particle positions for an evolution time of 5 s with 100 ns step size. Note that because of the stochastic character of equation S12, even if the initial value is the same, every trajectory will be unique, i.e., different from all other trajectories. Therefore, to estimate the size of the statistical scattering of the results, the procedure was repeated 300 times.
Fig. S1
The nanofluidic confinement apparatus. A Schematic of the mechanical setup. The sample (blue) and the cover glass are glued onto steel plates (black), which are magnetically attached to mechanical supports. The cover-glass holder allows alignment of the cover glass with respect to the focal plane of the objective. The cover-glass holder and the objective are mounted onto separate piezo fine positioners and a common coarsepositioning stage in vertical direction (not shown). During the experiments, the plane of the sample holder can be corrected using picomotors to enable parallelization of the two surfaces. The sample holder is attached to a coarse (x,y)-positioning system (not shown). B A square-shaped mesa of 30 -50 µm height and 100 -200 µm lateral dimension is located at the center of the cover glass. In the recessed area, Au electrodes are deposited to enable the application of electrical fields. C Optical image of the central mesa. 
Fig. S3
Modeling of the nanofluidic slit. Geometry of the 3D model used to calculate the dependence of the effective potential seen by the gold particle on the gap distance. The boundary conditions and material parameters are shown by the labels.
Fig. S4
Results of the finite-element simulation of the effective one-dimensional potential experienced by the particle. The gap distance d and particle position were varied, and all other independent variables were kept fixed. The simulation was performed for a Debye length κ -1 of 17.5 nm (the full set of simulation parameters is given in the text). A The calculated electrostatic potential for a particle centered in the ratchet. The color scale encodes the electrostatic potential / . The white iso-surface corresponds to / = −0.1. The mesh used is shown in the left half of the plot. B The value of the free energy calculated for different particle positions xp in the ratchet for a gap height of d = 127 nm. C The calculated probability density on the particle position xp. D The calculated effective potential corresponding to the probability density in panel C. E The result of re-scaling the curves in C by their maximum value. F The dependence of the maximum value of the effective potential on gap distance (dots). The solid line shows the result of a least-squares fit of the exponential function the simulated data. The fitted value of l was 18 nm. From top to bottom, the overall average drift speed <vt>, the time-resolved average drift speed <v> in the ratchets, and the average time-resolved drift speed <vc> in the control fields are shown. Lines are according to parameter-free model curves for the ratchets and best linear fits for the control fields. 
Fig. S8
On-demand shuttling of 9 particles between reservoirs. A Topography after t-SPL patterning. The ratchet directions are marked by arrows. The ratchet profiles ranged from 20 -50 nm depth. B The 9 particles were transported into the lower right reservoir by a sequence of pulses. C Exploiting the directionality of the ratchets using aligned electric fields, all particles were routed to the lower left reservoir, see Movie S8.
Fig. S9
Characterization of the energy landscape of the sorting device. A The width of the deep ratchets was determined to be 125 nm from a Gaussian fit of the particle-position histogram. The result is in good agreement with an average cross section measured by AFM shown in the lower part. B Three different particle populations could be distinguished by considering the median relative brightness of the particles. C For the different particle populations, average histograms were generated, from which the potential could be inferred using Boltzmann's theorem. Next to the histograms, SEM pictures of the particles that were associated with a certain brightness are shown. The size of the scalebars is 100 nm.
Fig. S10
Particle populations. A SEM image of randomly dispersed 60 nm-diameter Au nanospheres. The particle size distribution is almost monodisperse. B SEM image of randomly dispersed nominally 100 nm-diameter Au nanospheres. A significant fraction of triangular platelets is observed. Both images are at the same scale.
Fig. S11
Particle outline and relative brightness. A Three 100 nm nanoparticles as observed by the camera with the relative brightness measured along lines 1 to 3. B Particle 1 is considerably darker than particles 2 and 3, which have approximately the same relative brightness. C SEM image of the particles revealing their outline, which is spherical for particle 1, pentagonal for particle 2, and triangular for particle 3. Panels B and C corroborate the assignment between the relative brightness and the particle outline made in the main text. B Gap distance required to adjust the critical particle radius to rc in panel A. Even for particles of only 5 nm radius, the gap distance is in the range between 80 nm and 100 nm which can easily be achieved by our experimental apparatus.
Table S1
Experimental parameters for the different Brownian motor experiments. 
